Summary. The effect of elevated glucose concentrations on the synthesis of basement membrane components was invesH tigated in proliferating cultured porcine mesangial cells. Basement membrane associated heparan sulphate proteoglycan was determined by enzyme immunoassay with a specific antiserum recognizing the core protein of the heparan sulphate proteoglycan. When cells were exposed to increasing glucose concentrations up to 40 mmol/1, the heparan sulphate proteoglycan content was concomitantly decreased to 53 % when compared to cells cultured under normal glucose concentrations or in the presence of 40 mmol/1 sorbitol. The fibronectin content was essentially unchanged under these conditions. No significant effect of insulin on these basement membrane components was found. The results indicate that hyperglycaemia may be responsible for a decrease of mesangial heparan sulphate proteoglycan content in diabetes mellitus. This supports the view that loss of heparan sulphate proteoglycan may be an important step or even an initial event of mesangial alterations in diabetic glomerulopathy.
Thickening of the mesangial matrix is an early event in the genesis of diabetic nephropathy. Changes of mesangial matrix composition in diabetes mellitus have been reported recently [1] . Especially, increased synthesis of collagen type IV [2] and other matrix constituents [3] have been demonstrated in rat mesangial cells cultured in high glucose medium. Basement membrane associated heparan sulphate proteoglycan (HSPG) is believed to play a key role in the development of diabetic glomerulopathy. A decreased content of HSPG in basement membrane is thought to be responsible for increased macromolecular permeability of diabetic glomerula [4] . However, the glomerular basement membrane and the mesangial matrix are two morphologically and biosynthetically distinct zones of extracellular matrix with a separate developmental origin. The question, whether loss of HSPG is a characteristic of mesangial thickening or may even be the trigger for a compensatory synthesis of other matrix components, remains to be elucidated.
Since little is known about HSPG synthesis of mesangial cells, we have examined their ability to produce HSPG under various growth conditions, including growth in high glucose medium.
Materials and methods

Materials
Media, supplements and fetal calf serum for tissue culture were obtained from Gibco Europe (Karlsruhe, FRG), insulin and trypsin were from Serva (Heidelberg, FRG). Fibronectin antiserum and goat anti-rabbit IgG were purchased from Behringwerke (Marburg, FRG). HSPG antiserum from rabbit was prepared and characterized as described [5, 6] . All other biochemicals were from Sigma (Taufkirchen, FRG).
Cell culture
Porcine mesangial cells (PMC) were obtained from porcine glomeruli [7] . Glomeruli were isolated by serial sieving of cortical pieces and suspended in Medium 199 (Earle's Salts) supplemented with 20 % fetal calf serum, 100 U/ml penicillin, 100 gg/ml streptomycin, 3 mmol/1 glutamine under a 5 % CO2 atmosphere. After 7 days in culture glomeruli were picked and discarded. Outgrowing cells were subcultured after detachment with 0.01% trypsin and 0.02 % EDTA in phosphate-buffered saline (PBS).
PMC were characterized by their morphological and biochemical characteristics according to previously described methods [7] . For the experiments, cultures from the 6-8th passage were plated on 24 mm six-well plates (split ratio 1:2 after trypsinisation). Then the cells were exposed to increasing glucose levels. All media were corrected with NaCI for constant osmolarity (300 mosmol/1). During the experiments, medium was changed every 12 h. Incubations were terminated after 48h and cells were solubilized with guanidinium-HC1 solution containing protease inhibitors.
Determination of basement membrane components
Total matrix associated HSPG and fibronectin were determined by enzyme immunoassay as described [6] . Before harvesting, cells were washed three times with PBS. The cell layer was then incubated with 0.6ml 4mol/1 guanidinium-HC1 containing 0.5% Chaps and protease inhibitors (1 retool/1 phenylmethylsulphonyl fluoride, 10 mmol/1 N-ethyl-maleimide, 10 mmol/1 EDTA, 10 mmol/1 6-amino-hexanoic acid, 5 mmol/1 benzamidine-HC1) for 1 h at room temperature. Solubilisation was examined by phasecontrast microscopy to ensure total cellular disruption. SampIes were stored at -30 ~ until measurement. After 1:100 dilution with PBS a 100 B1 aliquot was used to coat each well (multiwell chambers from Ntmc, Roskilde, Denmark). The appropriate antiserum was then added. A peroxidase-labelled goat antLrabbit IgG was used as second antibody. For calibration, fibronectin prepared from porcine plasma and HSPG isolated from porcine glomerular basement membrane [6] were used.
HSPG was glycated in vitro with 5 and 40 retool/1 glucose for 48 h. Sorbitol was used as control. The degree of glycation was assessed by determination of furosine in acid hydrolysates of the glycated HSPG by high pressure chromatography on reverse phase.
DNA content of the cell pellets was measured in parallel incubations by the colour reaction with diphenylamine and paraldehyde. Lactate production was determined enzymatically with lactate dehydrogenase and alanine aminotransferase in pooled medium supernatants.
Statistical analysis
Data are given as means _+ SEM. The Mann-Whitney U test was used to test differences between experimental conditions.
Results
Confluent cultures of PMC were trypsinized and seeded with a plating density of about 0.6 btg DNA/cm 2. Cells were harvested after various periods of time and the amount of HSPG and fibronectin associated with the cultures was determined. As can be seen from Figure 1 a in comparison with the DNA content of the cultures, these basement membrane components were synthesized during the logarithmic phase of growth. When cells reached confluence, curves for DNA, HSPG and flbronectin plateaued. In order to measure synthesis of basement membrane material, incubations with varying medium conditions were initiated 2 h after seeding when cells were firmly attached to the plates. Media were changed every 12 h since longer intervals led to glucose deprivation of endothelial cells when incubated in normal glucose levels and to acidification of media.
The production of HSPG in PMC was influenced by the ambient glucose concentration. In six different experiments, incubation with 40 mmol/1 glucose reduced the HSPG content to 45-60% of control values (5 mmol/1 glucose). Figure lb shows the results of one typical experiment. The HSPG content was not influenced by 40 mmol/1 sorbitol (Table 1) . Elevated glucose concentrations had no significant effect on the fibronectin content of the cultured cells. To determine whether high glucose concentrations were impairing basic cellular functions such as proliferation or metabofic activity, DNA content of the cultures and their lactate production were measured. DNA content of the cultures was constant for all glucose concentrations (Fig. lb) . Glucose concentration did not disturb metabolic activity as assessed by lactate formation. For example, 2.1 vs 2.3 gmol lactate/48 h x Bg DNA were found for 5 and 40 mmol/1 glucose, respectively. Insulin (Table 1) .
Discussion
Our results demonstrate that elevated glucose impaired the content of HSPG in proliferating cultured mesangial Cells. Decrease of HSPG was not due to metabolic disturbance or decreased cell number since no effect was found in lactate production and DNA content, respectively, indicating that the decrease in HSPG content is not a general effect of glucose toxicity. The effect was also not caused by osmotic disturbances as all media were corrected for constant osmolarity with NaC1, and as in control incubation with 40 mmol/1 sorbitol HSPG content was not altered. The possibility that increased non-enzymatic glycation of HSPG leads to decreased antigen-antibody binding was ruled out. When HSPG was glycated in vitro to an extent similar to that expected to occur in the cell culture experiments, no change in antibody binding was found (data not shown). The diminution of HSPG production in PMC was selective since the level of fibronectin was essentially unchanged. Lower HSPG content of PMC may not only be the result of decreased synthesis but may also be due to increased degradation. The fact that accumulation of basement membrane material paralleled the increase in DNA content during the logarithmic phase of cell growth may support the view that impaired synthesis rather than accelerated degradation was responsible for the influence of glucose on HSPG content in our experiments.
Most of our knowledge on reduced HSPG content in diabetes is based on studies in glomerula of diabetic animals or human patients. For example, decreased incorporation of 35SO4 into glomerular basement membrane and its accelerated removal have both been reported in diabetic animals. Using specific antibodies against a basement membrane heparan sulphate from a mouse tumour, Shimomura and Spiro showed reduced heparan sulphate content but unchanged fibronectin levels in diabetic human glomeruli [8] . Immunohistochemical studies from our group on glomerular structures obtained from diabetic subjects with nephropathy showed a massive decrease of HSPG (unpublished/observation). Recently, it was reported that mRNA levels encoding for HSPG were lower in kidney cortices of diabetic mice if compared to control animals [9] . None of these studies differentiates between the peripheral glomerular basement membrane and the mesangial matrix, both affected by the changes associated with diabetes. Recently, it was reported that proliferating glomerular mesangial cells synthesize extracellular matrix components similar to that seen in the glomerular mesangium in vivo [3] . Furthermore, increased production of collagen type IV [2, 3] , laminin [3] and fibronectin [3] has been reported in rat mesangial cells when grown in high glucose medium for 12 [2] or 7 [3] days, respectively. The latter observation concerning fibronectin is different from that which we observed and may be due to different experimental design since we measured fibronectin content after short incubation times during the logarithmic phase of growth (48 h).
Insulin did not influence HSPG content in our experiments independent of the ambient glucose level. This is in accordance with reports on unchanged 35SO4-incorporation into cultured cells from Engelbreth-Holm-Swarm tumour upon incubation with insulin [10] .
Alterations of mesangial matrix composition may have severe functional consequences. Decreased HSPG content may trigger mesangial cell proliferation, since inhibition of mesenchymal cell proliferation by heparan sulphate is well documented. Accelerated proliferation of mesangial cells has been identified as part of mesangial dysregulation in diabetic glomerulopathy [1] . Furthermore, by virtue of its heparan sulphate side chains, HSPG can complex different molecules, e.g. basic fibroblast growth factor, and may modulate their biologic activity.
In analogy to the hypothesis of Rohrbach et al. [4] , who proposed that metabolic derangement in diabetes induces the loss of HSPG in the glomerular basement membrane and that this loss may be the underlying cause for the increase in production of other basement membrane material, our results suggest that this mechanism also holds true for the dysregulation of matrix composition during mesangial thickening. A loss of HSPG may even trigger a compensatory overshooting synthesis of other extracellular matrix components by a hitherto unknown mechanism.
